Abstract. More than 300 catalase sequences are now available, divided among monofunctional catalases (> 225), bifunctional catalase-peroxidases (> 50) and manganese-containing catalases (> 25). When combined with the recent appearance of crystal structures from at least two representatives from each of these groups (nine from the monofunctional catalases), valuable insights into the catalatic reaction mechanism in its various forms and into catalase evolution have been gained. The structures have revealed an unusually large number of modifi-
Introduction
Catalases, or more correctly, hydroperoxidases, are one of the most studied classes of enzymes. The name catalase was first applied, perhaps inappropriately by today's standards, in 1900 [1] , and the protein has been the object of study in many different organisms ever since. The ubiquity of the enzyme, its ease of assay, involving a cheap, readily available substrate, H 2 O 2 , and the spectacular display of oxygen evolution have combined to make it an attractive target for biochemists and molecular biologists alike. A number of reviews of catalases have appeared over the years, and the most recent [2, 3] provide a thorough background of structural and physiological information up to early 2000. There has been no slowing in the appearance of work relevant to catalase physiology * Corresponding author. and structure, and the focus of this review will be on developments since 2000. Recent insights into the structure of catalases arising from a number of new and informative crystal structures will be presented and discussed in light of implications for the catalytic mechanism. The structural and mechanistic picture will be supplemented with an overview of recent reports on the regulation of expression of catalases. The overall reaction catalyzed by catalases is the degradation of two molecules of hydrogen peroxide to water and oxygen (reaction 1).
This deceptively simple overall reaction can be broken down into two stages, but what is involved in each of the stages depends on the type of catalase. The mechanism relevant to a particular catalase will be addressed in the appropriate section.
CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 193 Three classes of proteins unrelated on the basis of sequence and structure exhibit significant catalase activity. The class that is most widespread in nature and which has been most extensively characterized is composed of monofunctional, heme-containing enzymes subdivided based on having large (> 75 kDa) or small (< 60 kDa) subunits. Phylogenetic analyses have demonstrated the existence of two distinct clades or subgroupings of small subunit enzymes and one clade of large subunit enzymes among the monofunctional catalases [4] . The second, less widespread class is composed of bifunctional, heme-containing catalase-peroxidases that are closely related by sequence and structure to plant peroxidases. The third class includes the nonheme or Mn-containing catalases. In addition, a diverse group of proteins, all heme-containing, such as chloroperoxidase, plant peroxidases and myoglobin, exhibit very low levels of catalase activity, attributable to the presence of heme, which alone exhibits catalatic activity [2] .
Regulation of catalase gene expression
Cells usually modulate their stress response systems through regulatory proteins that sense the stressor or a messenger of the stressor and cause appropriate changes in transcription and, occasionally, translation or proteolysis. Most bacteria produce one or more catalases that usually respond to oxidative stress, either directly to H 2 O 2 levels or to the presence of other active oxygen species. The earliest studies of catalase gene regulation were carried out in Escherichia coli, and these have been extensively reviewed [5] . The catalase-peroxidase HPI (hydroperoxidase I), or KatG, is controlled as part of the OxyR regulon, which senses active oxygen species, and the monofunctional catalase HPII is controlled as part of the s S regulon in stationary phase. Very recently, polyamines, including putrescine, spermidine and spermine, were reported to up-regulate both the oxyR and rpoS regulons in E. coli [6] , but the mechanism remains unclear. The commonality of a reactive oxygen sensor and growth phase or s-transcription factor control mechanisms in catalase gene expression is illustrated in table 1, although there is no consistency in type of catalase or type of regulator. In addition, other regulators have been adapted to modulate catalase levels, but the generality of their involvement and the regulatory protein involved has not been defined. Heme synthesis must be sufficiently rapid to satisfy induced catalase synthesis rates. E. coli successfully increases the rate of heme synthesis to satisfy the demands for it in cells expressing plasmid-encoded catalases, but whether this is simply a response to heme demand or coordinate regulation of heme operons is not clear. In
Staphylococcus aureus, Pseudomonas aeruginosa and
Bacillus subtilis, there is coordinate control of oxidative stress proteins and iron storage and transport proteins [7] [8] [9] , but no link to the control of protoporphyrin synthesis has been demonstrated. There has been one report of iron-deficient catalase from Proteus mirabilis (PMC) being produced in E. coli during its rapid expression under the control of an inducible T7 promoter [10] . In this instance, presumably the protophorphyrin was available for protein folding, but the availability or insertion rate of iron was limiting.
Monofunctional, heme-containing catalases
Heme-containing catalases all have in common a twostage mechanism for the degradation of H 2 O 2 . In the first step, one hydrogen peroxide molecule oxidizes the heme (in heme-containing catalases) to an oxyferryl species in which one oxidation equivalent is removed from the iron and one from the porphyrin ring to generate a porphyrin cation radical (reaction 2).
The second hydrogen peroxide molecule is utilized as a reductant of compound I to regenerate the resting-state enzyme, water and oxygen (reaction 3).
Despite this common reaction, there are great differences in reactive capability among the members of this very large family of enzymes, and recent research is only just beginning to provide us with clues that point to some explanations for the differences.
Phylogeny
Three reviews of catalase phylogeny have appeared, each succeeding review involving an increased number of sequences, from 20 in 1993 [11] to 74 in 1997 [4] to 256 in 2003 [12] . In 1997, the clear division of monofunctional catalases into three clades was obvious, arising from a minimum of two gene duplication events. The more exhaustive recent analysis confirms these conclusions but integrates a larger picture including catalaseperoxidases and nonheme catalases into a universal tree of life. Clade 1 catalases are predominantly of plant origin, but with one algal representative and a subgroup of bacterial origin. Clade 2 enzymes are all large subunit enzymes of bacterial and fungal origin. The one archaebacterial clade 2 enzyme is postulated to have arisen in a horizontal transfer event from a Bacillus species. The clade 3 enzymes are all small subunit enzymes from bacteria, archaebacteria, fungi and other eukaryotes. It is postulated that the archtypal monofunctional catalase was a large subunit clade 2 enzyme from which an early gene duplication event, accompanied by loss of the sequence at the 5¢ and 3¢ ends, gave rise to the clade 1 enzymes. Clade 3 enzymes are not present in older taxonomic groups, suggesting that they arose much later in evolution as a result of a gene duplication in bacteria that then spread by horizontal and lateral transfers among bacteria to archaebacteria and eukaryotes. The division into three clades is illustrated in figure 1 with a focus on the nine catalases for which structures have been determined.
Kinetic properties
Many catalases have been characterized over the century of study, but very few of the enzymes have been characterized side by side. This has resulted in many independent reports of activities and properties, but no way to properly compare the results. Such a comparison of 16 common catalases, including seven for which the structures have been determined, has revealed just how great a divergence in properties there is within the catalase family [13] . Catalases do not follow Michaelis-Menten kinetics except at very low substrate concentrations, and different enzymes are affected differently at higher substrate was not affected. Boiling in buffer, or alternatively, heating to 65°C in 5.6 M urea was required to dissociate the dimer. While not as stable as HPII, small subunit catalases such as bovine liver catalase (BLC) still exhibited enhanced stability for an enzyme from an organism normally growing at 37°C, with a T m for loss of activity of 56°C. The thermal stability of HPII has also been utilized as a purification step [13] . Catalases, generally, are also resistant to treatment with an ethanol:chloroform mixture, another property that can be exploited as a tool for catalase purification [13] . Unfortunately, HPII protein heated above 60°C or treated with ethanol:chloroform does not readily crystallize, suggesting that some alterations in structure have occurred that were not reflected in enzyme activity. Another example of the robustness of HPII lies in its retention of high levels of activity even after treatment with a 1:1 (w:w) ratio of proteinase K for 16 h at 37°C [17] . Despite the retention of activity, a closer analysis revealed that the protein had suffered limited cleavage but that the core of the enzyme containing the heme active site remained intact. Rapid cleavage of about 75 N-terminal residues occurred initially within one h, followed by a slower cleavage of 160 C-terminal residues. Removal of the C-terminal domain exposed one further protease sensitive sight that allowed cleavage of the subunit into two approximately equal-sized fragments. Despite the introduction of this last nick and possibly one other nearby, the monomers remained intact within the larger tetramer. Both thermal stability and resistance of the majority of the protein to proteolysis can be explained in terms of a very rigid, stable structure that resists unfolding, thereby preventing access to the protease active site. Resistance to proteolysis is an advantage to HPII because it is expressed in stationary phase, a period of rapid protein turnover and elevated protease levels. There would have been a strong selective pressure to retain this property, but it is not clear whether resistance to proteolysis evolved in E. coli and thermal stability was an inadvertent outcome. Alternatively, the catalase could have originated in a thermophilic organism and been horizontally transferred to E. coli, where protease resistance has been the selective pressure for retention of thermal resistance. The enhanced thermal stability of HPII was initially ascribed to the extended sequence of 80 residues from one subunit being overlapped by the wrapping domain of an adjacent subunit [16] . However, proteolytic removal of all but 5 residues of the overlapped N-terminal region did not significantly affect the thermal stability, whereas removal of the C-terminal domain lowered the T m by more than 25°C [17] . The importance of the N-terminal sequence in folding and oligomerization was demonstrated in HPII variants, N-terminally truncated by only 20 residues, not accumulating protein when expressed from mutant genes [18] , and this has been confirmed in the ] at V max /2 ranged from 38 to 599 mM. Sequence differences among catalases must be responsible for the widely differing reaction rates and substrate affinities, but providing a rationale for how is not yet possible. Greater insights into the reaction mechanism must be gained before this goal will be realized.
Catalases are uniquely stable
The conclusion from phylogenetic reasoning that the archetypal catalase was a clade 2, large subunit enzyme is supported by the unusual resistance to denaturation and proteolysis exhibited by enzymes from this clade. Resistance of catalase HPII to pH and thermal denaturation was noted early in the study of catalases from E. coli and other enteric bacteria and used as a diagnostic test to differentiate among catalases in crude extracts [14, 15] . Documentation of the thermal stability revealed that there was actually a small increase in activity above 60°C and that activity began to drop only above 80°C, with a T m of 83°C [16] . The loss of activity was accompanied by changes in secondary structure, but the dimer association Figure 1 . Phylogenetic tree of the monofunctional catalases, focusing on the nine catalases for which structures have been determined. The highlighted enzymes are a subset of the 255 sequences used to generate the tree [12] . Adjacent to each enzyme is a summary of heme type (b or d), heme orientation and whether or not NADPH can bound (+ or -, respectively). The heme can be oriented with the imidazole ring of the essential histidine located either above ring III (His-III) or above ring IV (His-IV) of the heme. P. Chelikani, I. Fita and P. C. Loewen Diversity among catalases catalase from Candida tropicalis, where truncation by 4 or 24 residues produces aggregates of inactive protein smaller than tetrameric [19] . In the latter case, even the 4-residue truncation eliminates the overlap or interweaving feature common to catalases, which would be expected to have an effect on subunit association. Longer truncations extending to within 3 residues of the heme active site had the expected effect of preventing heme binding [19] .
Insights from recent structures
New insights into catalase function have been provided by the solution of two monofunctional catalase structures, one published and the second soon to be reported, and the comparison of the structures of a number of variants with the earlier released native structures [see table 2 for Protein Data Base (PDB) accession numbers]. The previously reported seven catalase structures include the small subunit clade 3 enzymes from BLC [20, 21] , Micrococcus lysodeiticus (MLC) [22] , PMC [23] , Saccharomyces cerevisiae (CATA) [24, 25] , and human erythrocytes (HEC) [26] and the large subunit clade 2 enzymes from Penicillium vitale (PVC) [27, 28] and E. coli (HPII) [29, 30] . The two new structures include Pseudomonas syringae (CatF) [31, 32] , which provides the first look at a clade 1 catalase, and the Helicobacter pylori catalase (HPC) with and without formic acid bound [P. C. Loewen et al., unpublished]. The typical core catalase features of a heme-containing active site deeply buried in a beta-barrel structure with two or three channels providing access to the heme has been described in many papers and reviews. Some of the similarities and differences between small and large subunit catalases are evident in the structures of CatF and HPII in figure 2. The CatF and HPC structures retain these common features, but CatF presents an unexpected heme orientation and lacks reduced nicotinamide adenine dinucleotide phosphate (NADPH). In addition, the presence of four subunits in the asymmetric unit of CatF makes possible an assessment of asymmetry, particularly in solvent location, among subunits and in comparison with other catalases.
Heme orientation
The first catalase structures solved, BLC and MLC, had a common heme orientation in which the active site His was situated above ring III of the heme (referred to as the His-III orientation), leading to the conclusion that this was the normal orientation for heme in catalases. This was reinforced by the heme orientation found in PMC, CATA and HEC. The presence of the 'flipped' orientation with the active site His located above ring IV of the heme (His-IV) in PVC and HPII was assumed to be unique to large subunit enzymes. The fact that the hemes in PVC and HPII were modified to heme d with a cis-hydroxyspirolactone group on ring III [33] reinforced the idea that large subunit enzymes were unique. The CatF structure presents heme in the His-IV orientation, suggesting that the 'normal' and, in view of probable evolutionary development, original orientation of heme in catalases is His-IV. The residues making contact with the two methyl groups and two vinyl groups on rings I and II create a matrix of van der Waals interactions that favor the His-IV orientation in CatF, PVC and HPII and that would prevent any attempt to flip the heme to the His-III orientation. Similarly, the matrix of van der Waals interactions in the clade 3 catalases BLC, MLC, PMC, HEC and CATA favor the His-III orientation and would prevent adoption of the His-IV orientation. A survey of 228 catalase sequences identified residues at the positions equivalent to 301 (Ala) and 350 (Leu) in CatF that are the key determinants in heme orientation through their proximity to 
NADPH binding
Since it was first noted almost 20 years ago [34] , the presence of NADPH in catalases has presented the interesting problem to biochemists of explaining the purpose of the cofactor, and of determining its universality. The structures of the clade 3 enzymes BLC, HEC, PMC and CATA all contain NADPH in some fraction of their subunits, whereas the cofactor is not evident in the structures of the clade 2 enzymes PVC and HPII. NADPH is not evident in the structure of CatF, and the potential binding site is The widespread nature of the His-III orientation of heme in clade 3 enzymes suggests that this feature was adopted shortly after the separation of clade 3 from clade 1 enzymes. The more limited nature of NADPH binding among clade 3 enzymes also suggests that it evolved independently and at a later date, arguing against a direct evolutionary link between the His-III orientation of the heme and NADPH binding as previously speculated [32] . The role of NADPH and the presumed reason for its binding site having evolved are to prevent the formation of inactive compound II [34] , but the mechanism by which this is achieved remains unclear [35 -38] . Clade 2 enzymes do not form compound II, or at least it has not been possible to generate compound II in the laboratory, making NADPH binding unnecessary. Similar attempts to generate compound II from a clade 1 catalase have not been reported. Curiously, the electron density maps of HPC suggest that one of the two subunits in the asymmetric unit is in an oxyferryl form and that treatment with formic acid converts the oxyferryl species to an unmodified iron. This is consistent with earlier work showing that formic acid can reduce compound I and promote the conversion of compound II to native state [2] . Given the apparent stability of the oxyferryl species in HPC, it is unlikely that it is either compound I or II, although it is degraded by formic acid treatment. Several electron donors can reduce compound I and II back to the ferric state [2] , and it is tempting to speculate that the evolution of NADPH binding in a small subset of catalases may have been the result of these other recovery routes becoming limited, possibly as a result of environmental changes. Based on this very limited experimental picture, one might postulate that compound II recovery was not a problem for the progenitor large subunit catalases. As the early small subunit enzymes evolved, they were either not converted to compound II or the compound II was recovered through the involvement of readily available metabolites such as formic acid, ascorbate and phenols [2] . With the appearance of clade 3 enzymes, which are converted to compound II, and the evolution of more specialized intracellular environments, the availability of reducing metabolites may have become restricted, or the prevalence of NADPH may have increased, allowing catalases in some species to utilize it as the tool for preventing compound II formation.
Catalase as a source of reactive oxygen species and another role for NADPH The usual physiological role ascribed to catalases is that of removing H 2 O 2 , a reactive oxygen species (ROS), before it can cause cellular damage. It was therefore surprising to find that catalase in human and mouse keratinocytes is responsible for the generation of ROS upon irradiation with UVB light [39] . The ROS were not identified, but singlet oxygen and superoxide were eliminated, making hydroperoxides the most likely species. This new and very exciting development, the detoxification of UVB light through generation of H 2 O 2 , which is also degraded by the catalase, has been heralded as a second role for catalases. The mechanism of ROS generation by catalase remains unclear, however. Significantly, normal catalase inhibitors such as azide, aminotriazole and cyanide, which bind to the heme iron and essential imidazole ring, activate the production of ROS. When the effect of inhibitors is considered in the context that the Soret absorbance maximum for heme in the native enzyme is at 407 nm, well removed from the 290 to 320 nm region for UVB light, it seems unlikely that the heme center is actively involved in the generation of ROS, and NADPH, a cofactor of mammalian catalases, may prove to be involved. The wavelength of maximum absorbance for NADPH is 340 nm, and the cofactor is a logical source of the electrons required for reduction of molecular oxygen. Future work involving comparison with catalases that do not bind NADPH should clarify the mechanism of this intriguing property. Furthermore, if the NADPH cofactor is found to have a role in ROS generation, it will suggest another role for NADPH in catalase physiology and a possible explanation for why NADPH binding in catalase evolved. 
Channel architecture
The recently reported structures of CatF [32] and HPII variants [40] have provided significant insights into the channel architecture in catalases. Three obvious channels connect the heme-containing active site with the surface. The main channel, so named because it is the most obvious access route to the heme, approaches the heme perpendicular to its plane and has long been considered the primary access route for substrate H 2 O 2 , a concept supported by molecular dynamics modeling [41, 42] . A comparison of the main channels in CatF and HPII ( fig. 3) reveals the extended and bifurcated structure in HPII as compared with the shorter funnel shape in CatF, which is representative of other small subunit enzymes. A second channel approaches the heme laterally, almost in the plane of the heme, and has been referred to as the minor or lateral channel. Limited evidence pointing to a role for the lateral channel in HPII includes a 3-fold increase in specific activity resulting from an enlargement of the channel through removal of Arg 260 , part of the Glu-Arg ionic pair situated in the channel. A third channel connects the heme with the central cavity, but no evidence of it having a role has been presented. An extensive review of the waters occupying the main channels in each of the four subunits of CatF, HEC (+ CN and + peracetic acid), CATA + azide and HPII, and of the single subunits of MLC and PMC, revealed a number of consistently occupied positions as well as a number of low occupancy sites [32] . All enzymes contain a water interacting with the catalytic residues His and Asn, and some catalases, including HPII, MLC and PMC, contain a second water in the active site interacting with the heme iron and the active site His. Moving away from the heme in the channel, only one subunit of HPII and all subunits in inactive HEC contain waters in the hydrophobic region around the conserved Val 169 (HPII numbering). The lack of waters in the hydrophobic portion of the channel between the conserved Asp (12 Å from the heme) and the active site His was interpreted as a 'molecular ruler' effect [26] attributed to the lack of interaction sites on the protein and a distance that was inappropriate for the formation of a stable matrix of hydrogen-bonded waters, but appropriate for a matrix involving the slightly larger H 2 O 2 . While elements of the ruler model may be applicable, the new structures suggest that a more complex series of interactions control substrate access to the active site. The first point to consider is that a matrix of water can form in the hydrophobic portion of the channel of HEC treated with peracetic acid in the absence of any new constituents or structural changes. Secondly, there seems to be an optimum three-dimensional shape and size for this portion of the channel, because making the channel in CATA or HPII either smaller (V169A in HPII) or larger (V169I in HPII) reduced [25, 40] enzyme-specific activity. Finally, changing the conserved Asp (181 in HPII) to any uncharged residue, polar or nonpolar, including Asn, Gln, Ala, Ser and Ile caused a loss of enzyme activity and a reduction in solvent occupancy in the channel [40] . Most notably, the sixth ligand water was absent in all subunits of D181A, D181S and D181Q variants, and there were generally fewer waters in the channel. By contrast, the D181E variant exhibited normal levels of activity and contained not only the sixth ligand water in all subunits, but an unbroken water matrix extending the full length of the channels. [121] , is presented as a blue chicken-wire structure in a cross-section slab of the enzyme. In A and B, the key valine (V 118 and V 169 ) and aspartate residues (D 130 and D 181 ) discussed in the text are indicated. In C, the key serine (S 324 ) discussed in the text is indicated, and its hydrogen bond with the propionate is indicated by a dashed line. Also in C, the region of unassigned electron density corresponding to an INH-like molecule is presented in a red chickenwire structure. The active site heme is evident at the end of the channels in A, B and C. In D, the dimanganese cluster is presented as two blue balls (Mn) and four red balls (waters), and one of the coordinating histidines (His69) is indicated for reference. All four channels are presented in the same scale for comparison. Note that the approach to the heme in C is in the plane of the heme in comparison to the approach perpendicular to the plane of the heme in A and B. The figure was prepared using SETOR [120] .
This striking influence of the negatively charged side chain at position 181 of HPII may lie in the generation of an electrical potential field in the hydrophobic portion of the channel between the negative charge and the positively charged heme iron. The potential field will influence the orientation of any molecule with an electrical dipole, including both water and hydrogen peroxide. In both cases, the preferred orientation will be with oxygen atoms pointed toward the positively charged heme iron and the hydrogens toward the negatively charged side chain of aspartate or glutamate. Such a uniform orientation in the population of solvent will facilitate the formation of hydrogen bonds, providing an explanation for increased water occupancy when Asp or Glu are present at position 181 in HPII. A second result of the induced orientation of hydrogen peroxide is that it will enter the active site with one oxygen oriented toward the heme iron, the hydrogen on this oxygen located within hydrogenbonding distance of the essential His and the second oxygen situated within hydrogen-bonding distance of the NH 2 of the active site Asn. This perfectly explains the suggestion arising from molecular dynamics studies that the substrate hydrogen peroxide enters the active site in a preferred orientation. Further support for the involvement of a potential field is provided by the structures of CatF, PMC and HEC [32] , which reveal an increasingly weaker interaction between the heme iron and the sixth ligand water. The heme propionate in each case forms a hydrogen bond with either a Gln (CatF), a His-His complex (PMC) or a His-Asp-Tyr complex HEC. As the likelihood for electron transfer into the heme ring increases, thereby decreasing the effective positive charge on the heme iron, the association of water with the heme iron decreases. Despite this apparent correlation between weaker dissociation at the heme and inductive effects, the situation is clearly more complex because HEC exhibits one of the fastest turnover rates. Finally, it is conceivable that the electrical potential field might serve to polarize electrons in the hydrogen peroxide, facilitating formation of the transition state. The folding of catalases has proven to be very sensitive to minor disruptions in structure within the active site. For example, the active site variants of HPII, H128A and H128N folded properly and protein accumulated, but the variants H128E and H128Q did not accumulate any protein despite the presence of sufficient room to accommodate the longer side chain [43] . Given the central position of heme in catalase structure, the isolation and characterization of an iron-deficient PMC was a surprise. PMC expressed from a gene under the control of a T7 promoter was found to lack iron in about 70 % of the molecules, presumably because the rapidly produced protein sequestered the protoporphyrin faster than iron could be inserted [10] . Despite the lack of iron, there is very little distortion in the heme or in the protein surrounding the heme. Even the proximal tyrosine, which normally associates with the heme iron, is shifted very little, remaining associated with the pyrrole nitrogens. Not surprisingly, the iron-deficient protein is less active in proportion to the loss of iron.
Catalase-peroxidases
Despite a very different sequence and tertiary/quaternary structure, the overall catalatic reaction of catalase-peroxidases takes place via the same two stages (reactions 2 and 3) as were described for the monofunctional catalases. In large part this is because both types of enzyme are heme-containing, but it has the implication that the residues in the active site will have similar roles. The peroxidatic reaction presents another layer of complexity involving the use of organic electron donors for the reduction of compound I to the resting state via two one-electron transfers (reaction 4).
In the presence of a suitable organic electron donor and low levels of H 2 O 2 , the peroxidatic reaction becomes significant. Unfortunately, the in vivo peroxidatic substrate for the catalase-peroxidases has not been identified, leaving the actual role of the peroxidatic reaction undefined.
Phylogeny
The first review of KatG phylogeny appeared in 2000 and included 19 sequences [44] . The most recent report has included 58 sequences that have become available, the majority from bacteria but with five each from archaebacteria and fungi [12] . With the larger number of sequences in the data set, the tree is not as robust as the earlier tree, and several interpretations of structure are possible. When integrated into a conceptual tree of life, it is apparent that the catalase-peroxidases evolved much later than the heme-containing monofunctional catalases, and a significant frequency of lateral gene transfer is evident. Very significantly, the data are consistent with the interpretation that sometime after a lateral gene transfer event from bacteria to the eukaryotic ancestor, the plant peroxidases evolved from the catalase-peroxidases.
Catalase-peroxidase structures
The first catalase-peroxidase HPI of E. coli was purified and characterized in 1979 [45] , and the sequence of its encoding gene, katG, appeared in 1988 [46] , providing the first catalase-peroxidase sequence and demonstrating the close phylogenetic link to plant peroxidases. It remained for the demonstration that KatG from Mycobacterium tu- [48] , from the cyanobacterium Synechococcus [49] and the Gram-negative bacterium Burkholderia pseudomallei [50] , and of the C-terminal domain of HPI of E. coli [51] . The structure of the H. marismortui enzyme (HmCPx) at 2.0 Å was reported first [52] , followed by the structure of the B. pseudomallei enzyme (BpKatG) at 1.7 Å [53] . There are obvious and clear similarities between the two enzymes, but the BpKatG structure presents a number of unusual features that provided potentially significant insights into the function of the enzyme. In addition, the structures have opened new avenues to studying the enzyme through the identification of specific structural features to be investigated. One view of the BpKatG dimer is presented in figure 2 . The asymmetric unit of both catalase-peroxidases contains two subunits related by noncrystallographic twofold symmetry, consistent with the predominant form of the enzyme in solution being a dimer. Each subunit is composed of 20-a-helical sections joined by linker regions and just three or four b-strand segments, making the structure very different from monofunctional catalases. It had previously been proposed that the large gene size of katG had arisen through a gene duplication and fusion event [54] , resulting in a gene with two distinct sequence-related domains. Further support for this hypothesis is evident in the conservation of ten pseudo-symmetry-related a-helical segments in the N-and C-terminal domains for which the r. m. Review Article 201 through a similar funnel-shaped channel that approaches the heme laterally rather than perpendicularly as in monofunctional catalases ( fig. 3) . Interpretation of possible substrate binding sites is complicated by the presence of a deep crevasse on the side of the protein that could potentially be the binding site of a substrate and the existence of a second channel approaching a small central cavity near the heme that also contains a single metal ion in BpKatG. Not knowing the natural peroxidatic substrate makes assigning roles to these features speculative at this point. HmCpx differs considerably in having 28 sulfate, chloride or potassium ions in its structure, consistent with the halophilic origin of the organism and the high ionic strength required to stabilize the enzyme.
Covalent linkage joining Trp-Tyr-Met
The most striking and unusual feature in both catalaseperoxidase structures is a covalent structure involving the indole ring of the active site Trp (residue 111 in BpKatG) and the sulfur of a Met (264 in BpKatG) joined to the ortho positions of a Tyr ring (residue 238 in BpKatG) ( fig.  4 ). The structure is clearly evident in the electron density maps, although the refined bond lengths are a bit longer than ideal for covalent bonds, and the bonds to the Tyr and Trp are not pure sp2 in character, deviating somewhat from planarity. Independent evidence for the existence of the covalent bonds has been obtained from a mass spectrometry analysis of tryptic digests of BpKatG [55] . Similar results pointing to the presence of the Trp-Tyr-Met adduct in HPI of E. coli were also obtained, confirming its presence in three catalase-peroxidases and supporting conjecture that the structure may be common to all catalase-peroxidases. The obvious question posed by such a covalent structure is, what is its role? It had previously been shown that the active site Trp is essential for normal catalatic activity. Its replacement by Phe results in the loss of catalase activity and enhanced peroxidase activity in both HPI [56] and the Synechocystis KatG [57, 58] . Subsequent work has shown that replacement of either Met 264 [55] or Tyr 238 [59] has a similar effect in eliminating catalase activity with no effect or a positive effect on peroxidase activity. In other words, the complete adduct is required for catalatic activity but not for peroxidatic activity, providing a clear explanation for why the apparently closely related plant peroxidases have no, or only a vestige, of catalase activity. Given that the adduct is required for catalase activity, electronic or steric roles or a combination of both can be envisioned. A very precise and immovable positioning of the indole ring may be necessary for interaction with the reducing H 2 O 2 in order that correct bond lengths leading to the transition state are realized. Alternatively or in addition, the adduct may alter the electronic environment on the indole, enhancing the interaction with the substrate and facilitating the formation of the transition state. Determination of the structures of the variants individually lacking each of the Trp, Tyr and Met residues involved in the adduct will provide valuable evidence about the role of the adduct. A very intriguing question that has not been addressed so far is the reaction mechanism giving rise to the covalent structure. A variety of mechanisms might be proposed, but a free radical mechanism involving hydrogen peroxide as an oxidant for the formation of both covalent bonds is the simplest, and one version of such a mechanism is presented in figure 5 . An oxidized heme intermediate may be involved in the formation of the nearby Trp-Tyr linkage but seems less likely in the case of the Tyr-Met linkage. The fact that the M264L variant loses significant activity could be interpreted as being a result of the absence of the Tyr-Trp portion because the Met-Tyr bond has to form first or because the Tyr-Trp adduct, if it is present, is not sufficient to promote the catalatic reaction. Determination of the structure of the M264L variant will provide insight into this question. Given that peroxidases probably evolved from catalaseperoxidases [12] , the loss of catalatic activity was as simple as disrupting the covalent adduct. Loss of the inactive C-terminal domain and shrinkage of the remaining protein through loss of looped regions also had to occur. This leads to the interesting question: was the progenitor of catalase-peroxidases a large subunit peroxidase that became catalase-proficient, or was it always a catalase that evolved peroxidatic activity? At the moment, there is no answer.
Heme modification
A second unusual modification in BpKatG [53] , not evident in the HmCPx structure [52] , is an apparent perhydroxy modification on the ring I vinyl group of the heme ( fig. 4) . The modification, first noticed in the electron density maps of BpKatG, has subsequently been confirmed by mass spectrometry analysis [55] . The modification could arise from the simple hydration-like addition of hydrogen peroxide across the double bond of the vinyl group. As such, its removal should be equally facile, and treatment of the enzyme with INH, a peroxidatic substrate, does cause its removal. Another indication of the labile nature of the modification is evident in the small amount of oxidized heme in the mass spectrum. The presence of an easily reversible modification involving the substrate in the active site presents a strong argument that it has some mechanistic significance. The simplest interpretation is that the perhydroxy group serves as a reservoir of H 2 O 2 . Normally, the heme would be oxidized to compound I by H 2 O 2 , but compound I is very reactive and is rapidly degraded if substrate is not present. The perhydroxy modification is less reactive than compound I and allows H 2 O 2 to reside in the active site, available for immediate reaction when a peroxidatic substrate is contacted.
INH activation
How does KatG activate INH to be an antitubercular substance? The initial KatG-catalyzed removal of the hydrazine portion of INH, generating the isonicotinoyl radical, presumably involves oxidation of the hydrazide radical to diimide and reduction of compound I or II. The subsequent step of combining the acyl radical with NAD + to generate the adduct that binds to InhA to inhibit mycolic acid synthesis is not as clearly defined. Initially, the adduct was characterized in the active site of InhA, leading to the conclusion that it was formed in InhA [60] , although this would have necessitated the transfer of a radical species from KatG to InhA. Subsequently, it was suggested that the isonicotinoyl radical and NAD + reacted independent of protein via the Minisci reaction [61] . The requirement of KatG for rapid radical generation and InhA-inhibitor generation leads to the conclusion that KatG was responsible for both [62] . Unfortunately, with KatG in the reaction mixture, it is not possible to define clearly the extent of its involvement. Is the role of KatG limited to radical production, or does it also facilitate the addition of the radical to NAD + ? At the moment, we can only state that KatG greatly enhances the production of the isonicotinoyl-NAD + inhibitor of InhA through the generation of isonicotinoyl radical, but the involvement of KatG or any other protein in the addition of the acyl radical to NAD + has not been convincingly demonstrated. The structure of BpKatG contains a region of unassigned electron density of a size and shape consistent with a molecule similar to INH and in a location consistent with being the INH binding site ( fig. 3 ). Because the enzyme used for crystallization had never been treated with INH and INH is not a natural metabolite, the unknown ligand in BpKatG must be a metabolite with a structure similar to INH. A number of pyridine-based coenzymes, such as pyridoxal phosphate and nicotinamide, come immediately to mind. The structure surrounding the ligand can easily be rationalized as a site for radical generation and electron transfer to the heme in MtKatG involving, in particular, Ser 324 ( fig. 3) , the equivalent of Ser 315 the most prevalent site for mutations causing INH resistance [63] . The unknown ligand is near the narrow end of the funnelshaped entrance channel, and NAD + could potentially fit into the funnel, placing it in close proximity to the nascent radical. Hence, it is physically possible for KatG to be involved in the generation of the InhA inhibitor, but NAD + binding to KatG has never been demonstrated. [68] and Asn 153 [69] of SyKatG were also found to be critical for catalatic activity, but not for peroxidatic activity. These two residues are conserved in all known catalase-peroxidase sequences except that of Salmonella typhimurium [70] , where the Asn is replaced by a Thr. Given the similar codon sequences, ACPy for Thr and AAPy, this one exception may eventually prove to be the result of a sequencing error. A continuation of this common theme of an independent loss of catalatic activity also occurs in the replacement of either Tyr 249 of SyKatG [59] or Met 268 of BpKatG [55] . Both these residues are involved in the covalent adduct, and in their absence there is a significant reduction in catalase activity with little effect on peroxidase activity. These catalase-defective variants have provided a perfect opportunity to study the peroxidatic activity of the enzyme in comparison with plant peroxidases, revealing that the mechanisms of compound I formation and overall peroxidatic rates are similar between the two classes of enzyme. Whether the compound I radical proves to be a uniquely porphyrin cation radical [59] or a tyrosine radical [71] in all catalase-peroxidases or whether different enzymes will have different radical locations will be the subject of further study. At this time, the catalogue of residues required for catalatic activity in the catalase-peroxidases includes the Trp 111 , Asp 141 , Asn 142 , Tyr 238 and Met 264 (BpKatG numbering and residues 122, 152, 153, 249 and 275, respectively, in SyKatG). Each of these changes is essential, and it will be interesting to see how many more residues will be found to be essential for catalatic activity. One feature unique to the catalase-peroxidases is the large subunit-2 domain structure, and it is not yet clear whether both domains are required for catalatic activity.
KatG variant characterization

Nonheme or manganese-containing catalases
Nonheme catalases were initially referred to as pseudocatalases because they did not contain heme [72] , but other names, including Mn-containing [73] , nonheme [2] and dimanganese catalase [74] more accurately reflect their characteristics and have been applied. The nonheme catalases are not as widespread as the heme-containing catalases and so far have been identified only in bacteria. The number of available sequences has recently increased to 29, allowing for a phylogenetic review, and the resulting tree presents two main groups and suggests that the class of enzymes appeared at a time intermediate between the early appearance of monofunctional catalases and the late appearance of catalase-peroxidases [12] . It is speculated that the dimanganese catalases may not have become as widespread in nature because of their lower specific activity in relation to other catalases that already existed in multiple forms in many bacteria. The crystal structures of the two nonheme catalases, one from Thermus thermophilus (TTC) [74] and the second from Lactobacillus plantarum (LPC) [75] reveal that the catalytic center is a dimanganese group. The enzyme is a homohexameric structure of approximately 30 kDa monomers ( fig. 2) . The four-helix bundle motif of the individual monomers is highly conserved between the two enzymes, with only the C-terminal tails differing. The dimanganese centers share very similar environments, with the direct coordination of the Mn atoms involving a virtually identical matrix of glutamate and histidine residues. The environments differ slightly in that one glutamate that normally interacts with Mn-associated waters in LPC is replaced by an arginine in TTC, and an arginine in LPC is absent in TTC. Access to the dimanganese clusters is via a central channel that extends the full width of the hexamer, with branches into each subunit leading to the active center. The branch leading from the central channel into one of the dimanganese clusters is shown in figure 3 , and the similarity in length and narrowness of the channel to those in the monofunctional catalases is quite striking. In all three cases, CatF, HPII and LPC, the final 15 Å is uniformly narrow as compared with the funnel shape of the channel in the catalase-peroxidases, suggesting that restricted access to only substrate H 2 O 2 is very important to the catalatic reaction. The absence of a glutamate and an arginine in the TTC active site apparently creates a larger cavity and a second access channel that allows in larger ions that cannot reach the LPC active site, but viewing this expanded channel will have to await the release of the TTC coordinates. The dimanganese catalase structures provide insight into the mechanism of the catalatic reaction in a nonheme environment. Like heme-containing catalases, the reaction takes place in two stages, but here the similarity ends. The oxidation state of the dimanganese cluster is equally stable in either the 2,2 (Mn II -Mn II ) or 3,3 (Mn III -Mn III ) states, resulting in the enzyme being isolated primarily as a mixture of these two states. Consequently, there is no temporal order to the oxidation and reduction stages, and either can occur first depending on the resting state of the enzyme. If the 2,2 state is encountered, the H 2 O 2 is an oxidant (reaction 5) and if the 3,3 state is encountered, the H 2 O 2 is a reductant (reaction 6). 
